Interband transition energies and carrier distributions of the Cd x Zn 1−x Te/ ZnTe quantum wires ͑QWRs͒ were calculated by using a finite-difference method ͑FDM͒ taking into account shape-based strain effects. The shape of the Cd x Zn 1−x Te/ ZnTe QWRs was modeled to be approximately a half-ellipsoidal cylinder on the basis of the atomic force microscopy image. The excitonic peak energies corresponding to the ground electronic subband and the ground heavy-hole band ͑E 1 -HH 1 ͒ at several temperatures, as determined from the FDM calculations taking into account strain effects, were in qualitatively reasonable agreement with those corresponding to the ͑E 1 -HH 1 ͒ excitonic transition, as determined from the temperature-dependent photoluminescence spectra.
I. INTRODUCTION
Semiconductor nanostructures have been particularly interesting due to their promising applications in nextgeneration electronic and optoelectronic devices. [1] [2] [3] [4] [5] Among the various kinds of nanostructures, quantum wells and quantum dots based on III-V/III-V semiconductors have been the most extensively studied structures. 6 However, relatively little work has been done on quantum wires ͑QWRs͒ in comparison with quantum wells and quantum dots because of the complicated processes encountered in the formation techniques. 7 II-VI/II-VI nanostructures based on wideenergy-gap II-VI compound semiconductors have become particularly attractive because of their potential applications in optoelectronic devices operating in the short-wavelength region. [8] [9] [10] Promising applications of wide bandgap II-VI compound semiconductor nanostructures have driven extensive efforts to form various types of nanostructures on semiconductor substrates. [11] [12] [13] [14] Among these II-VI/II-VI nanostructures, Cd x Zn 1−x Te/ ZnTe nanostructures have emerged as excellent candidates for use in optoelectronic devices operating in the green region of the spectrum. 15, 16 Even though some works on the formation and the optical properties of Cd x Zn 1−x Te/ ZnTe QWRs have been performed, 15 ,16 studies concerning interband transition energies and carrier distributions of self-assembled Cd x Zn 1−x Te/ ZnTe QWRs have not been reported because of the inherent problems encountered with the complicated computation procedure. 17 Furthermore, investigations of interband transition energies and carrier distributions of Cd x Zn 1−x Te/ ZnTe QWRs are very important for understanding their electronic properties. This paper reports the interband transition energies and carrier distributions of Cd x Zn 1−x Te QWRs grown on ZnTe buffer layers by using molecular beam epitaxy ͑MBE͒. Atomic force microscopy ͑AFM͒ measurements were performed to determine the sizes and the shapes of the Cd x Zn 1−x Te layers grown on ZnTe buffer layers. Photoluminescence ͑PL͒ measurements were carried out in order to investigate the interband transition energies in the Cd x Zn 1−x Te/ ZnTe QWRs. The electronic subband energies of the Cd x Zn 1−x Te/ ZnTe QWRs were calculated by using a finite difference method ͑FDM͒ taking into account shapebased strain effects. The theoretical interband transition energies from the ground electronic band to the ground heavyhole band ͑E 1 -HH 1 ͒, as determined from the FDM calculations taking into account strain effects, were compared with the experimental excitonic transition energies, as determined from the PL spectra.
II. THEORETICAL CONSIDERATIONS
Even though the strain effect is not typically considered in the calculations of the electronic properties of latticematched heterostructures, the effect of the strain on the electronic structure was taken into account by the addition of the strain Hamiltonian to the k ជ · p ជ Hamiltonian because of the lattice mismatch between the Cd x Zn 1−x Te and ZnTe layers. The strain fields and the electronic subband energies in the Cd x Zn 1−x Te QWRs grown on ZnTe buffer layers were calculated by using a FDM. When orthogonal meshing is adopted, the unessential parts induced by the shear strain components can be removed, and the computational complexities can be simplified. Even though the self-consistent convergence originating from the three bands in this study was used, the main analysis was practically performed under an one-band approximation. Therefore, only normal strain components were required to compute a strained potential. Unevenlyspaced meshing techniques were introduced to enhance the computational efficiency. Because the complexity of the cala͒ Author to whom correspondence should be addressed. Electronic mail: twk@hanyang.ac.kr. culations for two-or three-dimensional nanostructures is significantly increased, an efficient technical description of the nanostructures by utilizing a sparse matrix-storing method is required. 18 When the shape-based strain relations determined from the elastic continuum theory are derived, the interface of each orthogonal mesh has three relations between the normal strain components. [19] [20] [21] For common x-and y-coordinates and a different z-coordinate between two neighboring meshes A and B, the relationships between the two tangential strain components and the one normal stress component are described elsewhere, 22 and the relationships are consistent with the one-dimensional quantum-well strain equation. 23 The difference in the computational complexity between the required normal strain components and the suggested independent relations for the nanostructures can be removed by using a least-squares approximation in the numerical analysis to obtain optimized solutions. 22, 24 The physical parameters of the Cd 0.8 Zn 0.2 Te QWRs summarized in Table I were determined by using electronic parameters from the literatures. [25] [26] [27] [28] The effective masses of the electrons and the heavy holes, the lattice constants, and the other physical parameters of Cd 0.8 Zn 0.2 Te were estimated by using a linear interpolation of Vegard's law. 29 
III. EXPERIMENTAL DETAILS
The Cd x Zn 1−x Te/ ZnTe QWRs used in this study were grown on Cr-doped semi-insulating ͑100͒-oriented GaAs substrates by using MBE. The substrates were degreased in warm trichloroethylene, etched in acetone, etched in a Brmethanol solution, and rinsed in de-ionized water thoroughly. The sample consisted of the following structures: a 1000 Å undoped ZnTe capping layer, a Cd x Zn 1−x Te thin film of 4.5 monolayers ͑MLs͒, and a 9000 Å undoped ZnTe buffer layer. The source temperatures of the Zn and the Te sources for the Cd x Zn 1−x Te layers were 280 and 300°C, respectively, and that of the Cd source for the Cd x Zn 1−x Te layers with a Cd mole fraction of 0.8 was 240°C. The depositions of the Cd x Zn 1−x Te and the ZnTe layers were done at a substrate temperature of 320°C and a system pressure of approximately 2.8ϫ 10 −8 Torr. Figure 1 shows an AFM image of the uncapped surface of the 4.5-ML-thick Cd 0.8 Zn 0.2 Te layer grown on ZnTe buffer layer. 16, 30 It shows that the Cd x Zn 1−x Te film was deposited as Cd x Zn 1−x Te QWRs with a preferential orientation due to coalescence. 16, 30 When the Cd, the Zn, and the Te molecules are adsorbed on the ZnTe buffer layer, they aggregate and form Cd x Zn 1−x Te islands due to a StranskiKrastanov growth mode resulting from the lattice mismatch between Cd x Zn 1−x Te and ZnTe; 16, 31 these islands act as seeds for Cd x Zn 1−x Te QWR growth. The size of formed islands increases continuously with addition of molecules until the island becomes a QWR. The shape of the core for the Cd 0.8 Zn 0.2 Te QWRs is approximately a half-ellipsoidal cylinder and the average diameter and the height of the halfellipsoid are 575 and 220 Å, respectively. Figure 2 shows the PL spectra measured at several temperatures for the Cd 0.8 Zn 0.2 Te QWRs grown on ZnTe buffer layer. The PL spectra clearly show one dominant peak corresponding to interband transitions from the ground-state electronic subband to the ground-state heavy-hole band 16 ,32 strain effects were considered in the calculation of the electronic subband energies in the Cd 0.8 Zn 0.2 Te/ ZnTe QWR. The strain distribution was calculated as a function of the position by using a FDM with an unevenly-spaced mesh to describe the cross-sectional structure of a single Cd 0.8 Zn 0.2 Te/ ZnTe QWR and by presenting the strain tensor in a cross-sectional plane ͑y , z͒ with respect to the crystal's main axes. Figure 3 shows the normal strain components of the half-ellipseshaped core Cd 0.8 Zn 0.2 Te wire on a ZnTe buffer, with diameter of 570 Å and height of 220 Å, at T = 35 K; Figs. 3͑a͒ and 3͑c͒ show half-cut diagrams of a bird's-eye view of e xx and e zz , respectively, and Fig. 3͑b͒ shows a contour map of e yy . The computation results are visualized by using a diversified representation on a graph of theoretical computations.
IV. RESULTS AND DISCUSSION
Because the large strain existing at the Cd 0.8 Zn 0.2 Te/ ZnTe heterointerfaces induces variations in the conduction and the hole band-edge surfaces, the potential energy due to strain should be considered if the exact electronic subband states of Cd 0.8 Zn 0.2 Te/ ZnTe QWR are to be determined. The shift in the conduction band potential energy due to strain is shown in Fig. 4͑a͒ ; it was calculated by taking into account the three normal strain components shown in Fig. 3 . Figure 4 also shows the potential energy including the strain effects of the half-ellipse-shaped core Cd 0.8 Zn 0.2 Te wire at T = 35 K; Fig. 4͑b͒ shows a half-cut of a bird's-eye view of the conduction band potential, and Fig.  4͑c͒ shows a heavy-hole band potential. A band-edge potential profile with respect to the energy band parameters has a cylindrical shape on the cross-sectional plane of the Cd 0.8 Zn 0.2 Te QWR when strain effects are not considered. When the shift in potential energy due to strain in Fig. 4͑a͒ is added, the potential along the boundary line of the halfellipse-shaped core is irregularly lifted as shown in Fig. 4͑b͒ , and the ͑E 1 -HH 1 ͒ interband transition energies are significantly affected. Figure 5 shows the excitonic peaks corresponding to the ͑E 1 -HH 1 ͒ transitions in the Cd 0.8 Zn 0.2 Te/ ZnTe QWRs, as determined from the temperature-dependent PL spectra, and the theoretical results related to the ͑E 1 -HH 1 ͒ transitions calculated by using a FDM with and without strain effects. The Figure 6 shows half-cut diagrams of the bird's-eye views for ͑a͒ the electron ground-state probability density function at the conduction band, as calculated without the strain effect and ͑b͒ the electron ground-state probability density function at the conduction band, as calculated taking into account the strain effect. Because the deformation potential due the strain in Fig. 4͑a͒ significantly increases along a concave boundary, the confinement probability of the electrons around the center of the straight boundary increases.
V. SUMMARY AND CONCLUSIONS
Interband transition energies and carrier distributions of self-assembled Cd x Zn 1−x Te/ ZnTe QWRs were numerically calculated by using a FDM taking into account shape-based strain effects. The shape of the Cd x Zn 1−x Te QWRs on the basis of the AFM image was modeled to be approximately a half-ellipsoidal cylinder. The theoretical ͑E 1 -HH 1 ͒ interband transition energies calculated by using a FDM taking into account shape-based strain effects were in qualitatively reasonable agreement with the PL experimental ͑E 1 -HH 1 ͒ excitonic transition energies for self-assembled Cd x Zn 1−x Te/ ZnTe QWRs, as determined from the temperature-dependent PL spectra. The effects of the strain on the carrier distribution were discussed. These present results can help improve understanding of the strain effects on the electronic structures in Cd x Zn 1−x Te/ ZnTe QWRs. 6 . Half-cut diagrams of a bird's-eye view for the electron ground-state probability density function at the conduction band calculated by using a FDM: ͑a͒ without and ͑b͒ with the strain effects. A half-ellipse-shaped core Cd 0.8 Zn 0.2 Te wire with a diameter of 570 Å and a height of 220 Å grown on a ZnTe buffer layer at T = 35 K was used to calculate the probability density functions.
